Although several studies have exploited the effects of PB1-F2 in swine influenza viruses, its contribution to the pathogenicity of swine influenza viruses remains unclear. Herein, we investigated the effects of PB1-F2 on the pathogenicity of influenza virus using a virulent H1N1 A/swine/Kansas/77778/2007 (KS07) virus, which expresses a full-length PB1-F2, in mice and pigs. Using reverse genetics, we generated the wild-type KS07 (KS07_WT), a PB1-F2 knockout mutant (KS07_K/O) and its N66S variant (KS07_N66S). KS07_K/O showed similar pathogenicity in mice to the KS07_WT, whereas KS07_N66S displayed enhanced virulence when compared to the other two viruses. KS07_WT exhibited more efficient replication in lungs and nasal shedding in infected pigs than the other two viruses. Pigs infected with the KS07_WT had higher pulmonary levels of granulocyte-macrophage colony-stimulating factor, IFN-g, IL-6 and IL-8 at 3 and 5 days post-infection, as well as lower levels of IL-2, IL-4 and IL-12 at 1 day post-infection compared to those infected with the KS07_K/O. These results indicate that PB1-F2 modulates KS07 H1N1 virus replication, pathogenicity and innate immune responses in pigs and the single substitution at position 66 (N/S) in the PB1-F2 plays a critical role in virulence in mice. Taken together, our results provide new insights into the effects of PB1-F2 on the virulence of influenza virus in swine and support PB1-F2 as a virulence factor of influenza A virus in a strain-and host-dependent manner.
INTRODUCTION
Influenza A virus (IAV) is a single-stranded negative-sense RNA virus of the family Orthomyxoviridae that infects a wide variety of host species, from wild and domestic birds to several mammalian species including humans. It causes annual epidemics and occasional pandemics in humans, which leads to significant public health and economic burdens worldwide. Swine influenza is caused by IAV and is an important acute respiratory disease to the swine industry and has also become a considerable zoonotic agent that threatens public health [1, 2] . This fact is exemplified by the 2009 pandemic H1N1 influenza virus, which is considered to be a swine-origin virus [3] .
The first swine influenza virus (SIV) isolated from pigs was the H1N1 subtype in 1930 [4] , also known as the classical H1N1 virus (cH1N1), which circulated predominantly in North American swine herds until 1998. Then, a novel triple-reassortant (TR) H3N2 SIV emerged in 1998 and successfully became established and widespread in North American pig populations [5, 6] . The TR H3N2 virus contains the haemagglutinin, neuraminidase (NA) and PB1 genes from human IAVs; the PB2 and PA genes from avian IAVs; and the M, NP and NS genes from the cH1N1 virus [5, 6] . Subsequently, TR H3N2 viruses reassorted with cH1N1 SIVs and human seasonal H1N1 viruses, resulting in novel reassortants such as H1N2, reassortant H1N1 (rH1N1) and H3N2 SIVs, which have become endemic in North American swine herds [7] [8] [9] [10] . These reassortant viruses have a similar composition of six internal genes of human origin (PB1), avian origin (PB2 and PA) and classical swine origin (M, NS and NP), which has been called the triple-reassortant internal gene cassette (TRIG) [10, 11] . The TRIG cassette is readily able to accept different haemagglutinin and NA combinations [10] . With the introduction of the 2009 pandemic H1N1 virus into pigs, the TRIG M gene was replaced by the Eurasian swine M gene [12, 13] .
IAV contains eight viral RNA segments, which encode 10-17 viral proteins depending on the strain. The PB1-F2 protein discovered in 2001 is a small non-structural protein that is encoded by alternative translation from the PB1 genome [14] . Although it can have various lengths from 8 to 101 amino acids, it generally consists of 90 amino acids. The PB1-F2 protein is known to be an important virulence factor with diverse functions. It is localized into the mitochondria and induces apoptosis by interacting with the mitochondrial-dependent apoptotic pathway [14, 15] . In most avian IAVs, PB1-F2 proteins are expressed in their full-length form (over 78 amino acid residues), while human and swine influenza viruses commonly express truncated PB1-F2 proteins. This suggests that truncated PB1-F2 proteins could be beneficial for adaptation of the virus to the mammalian host [16, 17] . Overall, the PB1-F2 protein is associated with the survival advantage of IAV in different hosts and modulates virus pathogenicity in a strain-and host-dependent manner. A previous study has shown that restoring the PB1-F2 ORF in the context of the 2009 pandemic H1N1 virus has minimal effects in swine [18] . Although numerous studies that investigate the effects of PB1-F2 on virus pathogenicity and transmissibility of different IAVs in different animal models have been published [19] [20] [21] [22] [23] , the contribution of the PB1-F2 protein to the viral pathogenicity of IAVs in natural hosts such as birds and pigs remains unclear.
In this study, we used a virulent TR H1N1 SIV, A/swine/ Kansas/77778/2007 (KS07), which has a human-origin PB1 gene and expresses a full-length PB1-F2 protein, to investigate the effects of PB1-F2 on viral pathogenicity in a mouse model and in a natural host, i.e. pigs.
RESULTS
Generation and characterization of wild-type KS07 and its mutated viruses in vitro KS07_WT and its mutated viruses including both KS07_K/ O and KS07_N66S were generated by reverse genetics and confirmed by sequencing. Since the N66S substitution in PB1-F2 protein is associated with enhanced virulence in mice as shown previously [24] , we generated the mutant KS07_N66S virus to determine whether the effect of this mutation can be applied to the swine-adapted KS07 virus either in mice or in pigs. The rescued three viruses replicated efficiently in Madin-Darby canine kidney (MDCK) cells, and amplified viruses were used for further characterization. The plaque assay showed that KS07_WT as well as both mutated KS07_K/O and KS07_N66S viruses formed similar small pinpoint plaques in MDCK cells (Fig. 1a) . KS07_WT and its two mutated viruses grew efficiently in both MDCK and PK-15 cells, and their titres reached approximately 10 8 TCID 50 ml
À1
; however, no significant difference was observed among the three viruses in their growth kinetics (Fig. 1b) . In MDCK cells, all three viruses reached their peak virus titre at 24 hours post-infection (p.i.), while in PK-15 cells, they showed their peak virus titre at 48 h p.i. (Fig. 1b) . These results indicate that both PB1-F2 knockout and single substitution N66S in the PB1-F2 do not affect virus replication and phenotype in tested cells.
PB1-F2 in KS07 does not affect virus replication and pathogenicity in mice, while KS07_N66S enhances virulence in mice As the KS07 H1N1 SIV is not a mouse-adapted virus, we infected BALB/c mice with a high dose (1.5Â10 6 TCID 50 / mouse) of each virus to evaluate the effect of PB1-F2 on viral pathogenicity. All infected mice showed clinical symptoms such as depression, decreased activities, ruffled fur and obvious weight loss starting at 2 p.i. when compared to the control mice. In contrast, KS07_N66S induced more severe body weight loss than both KS07_WT and KS07_K/O viruses, resulting in 100 % mortality by 8 days p.i. (Fig. 2a, b) . Both KS07_WT and KS07_K/O caused 75 % mortality in infected mice (Fig. 2b) ; however, surviving mice infected with KS07_K/O started to recover 2 days earlier (6 days p.i.) compared to those infected with KS07_WT (8 days p.i.) (Fig. 2a) . Interestingly, KS07_K/O replicated to a significantly higher virus titre in mouse lungs than the KS07_N66S at 3 days p.i., whereas virus titres in the mouse lungs were similar among three infection groups at 7 days p.i. (Fig. 3a) . Histopathological analysis showed that all three infection groups exhibited more severe lung damage at 7 days p.i. when compared to that at 3 days p.i. despite no significant differences of histopathological scores observed between different groups at each time point (Fig. 3b) . Most mice had varying degrees of neutrophilic airway inflammation, airway epithelial degeneration and necrosis, peribronchiolar lymphocytic cuffing, interstitial pneumonia and epithelial hyperplasia (Fig. 4) . A small number of mice (n=6) also had hyaline membranes lining alveoli (Fig. 4) . NP antigen deposition of IAV was detected in lung tissues from each mouse in all three infection groups at 3 and 7 days p.i. by immunohistochemistry (IHC) staining (Fig. 4) .
PB1-F2 has moderate effects on viral pathogenicity in pigs A previous study showed that minimal effects were observed in pigs inoculated with a high dose (10 5 TCID 50 per pig) of the 2009 pandemic H1N1 virus expressing either full-length or non-functional PB1-F2 protein [18] , and our former studies also demonstrated that the 2009 pandemic H1N1 is virulent and causes disease in pigs [25] . As the KS07 virus is virulent in pigs, we infected pigs with a low dose (10 3 TCID 50 per pig) of each virus to investigate the effect of PB1-F2 and single substitution N66S in PB1-F2 on viral pathogenicity. None of the infected pigs presented obvious respiratory symptoms such as nasal secretion, coughing or sneezing. Several pigs in each infection group (5/9 pigs in KS_WT group, 6/9 pigs in KS07_K/O or in KS07_N66S group) had mild fever starting at 1 day p.i. and lasting 1-2 days; only one pig in the KS07_N66S group had a fever lasting for 5 days. During necropsy, no gross lung lesions were observed in any of the three pigs infected with either the KS07_WT or KS07_K/O virus at 1 day p.i., whereas two out of three KS07_N66S-infected pigs exhibited minimal gross lung lesions (averaged less than 1 %) (Fig. 5a ). Interestingly, KS07_K/O induced more macroscopic lesions in infected pigs which spread to five or six lung lobes at 3 days p.i. when compared to the other two viruses. At 5 days p.i., lung lesions were present in each lung lobe of each infected pig of three groups, but fewer lesions were observed in the pigs infected with the KS07_N66S virus (Fig. 5a ).
All three recombinant viruses replicated in the lungs of infected pigs. Virus was detected from bronchoalveolar lavage fluid (BALF) samples collected at 1, 3 and 5 days p.i. from all infected pigs with KS07_WT (Fig. 5b) . In contrast, virus was detected in BALF from only two of three pigs at 1 and 3 days p.i. in the KS07_K/O-infected group and from all three pigs at 5 days p.i. On the other hand, virus was detected in BALF from two of three pigs in the KS07_N66S-infected group at 1 and 5 days p.i. and from all three infected pigs at 3 days p.i. (Fig. 5b) infected groups. No virus was detected in nasal swab samples collected from infected pigs of each group at 1 day p.i. (Fig. 5c ). Virus nasal shedding was detected from five of six pigs infected with the KS07_WT virus and from four out of six pigs infected with either the KS07_K/O or the KS07_N66S virus at 3 days p.i. Virus was found in nasal swabs collected from all three infected pigs of each group at 5 days p.i. (Fig. 5c ). Virus titre of nasal shedding of the KS07_WT group was higher than those of the other two infection groups despite no significant differences in virus titres observed among infected groups.
Nasal turbinate, trachea and lungs collected from pigs necropsied at 1, 3 and 5 days p.i. were examined for histopathological analysis (Table 1 , Fig. 6 ). Microscopic lesions were not found in these three tissues of control pigs at the three time points. All influenza-infected pigs showed pulmonary lesions characterized by varying degrees of interstitial pneumonia, bronchiolar epithelial necrosis and bronchiolitis with peribronchiolar lymphocytic cuffing and airway epithelial hyperplasia and had different degrees of tracheal ( Fig. 6 ) and nasal cavity inflammation and necrosis. Microscopic lesions were found in the lung tissues of all three pigs infected with the KS07_WT virus at 1 day p.i.; however, none of the three pigs infected with the KS07_N66S had lung lesions, and two of three pigs infected with the KS07_K/O displayed lesions in lung tissues (Table 1) . Microscopic lesions were observed in trachea tissues of all three pigs infected with the KS07_WT virus at 1 day p.i., but only one of three pigs infected with either the KS07_N66S or the KS07_K/O had lesions in the trachea (Table 1) . Lung lesions were found in three or two pigs infected with the KS07_K/O at 3 and 5 days p.i., respectively; one or no pigs in the other two infection groups showed microscopic lung lesions at 3 and 5 days p.i. One or two pigs from each infected group showed lesions in nasal turbinate tissues at 1 and 3 days p.i., while no pigs had lesions in this tissue at 5 days p.i. (Table 1 ). In contrast to both KS07_WT and KS07_K/O viruses, the KS07_N66S virus induced less histopathological lung and trachea damage in pigs (Table 1) .
PB1-F2 modulates host immune responses in pigs
To investigate the effects of PB1-F2 expression in KS07 on the host immune response, we next assessed the pulmonary levels of cytokines and chemokines in BALF collected from each pig at 1, 3 and 5 days p.i. (Fig. 7) . All measured chemokine and cytokine levels in BALF from KS07_N66S-infected pigs were similar to those of control pigs except for IL-1b and IL-6 at 5 days p.i. All tested cytokine/chemokines except TNF-a in KS07_WT-infected pigs and six cytokines/ chemokines including IL-1b, IL-2, IL-4, IL-6, IL-10 and IL-12 in KS07_K/O-infected pigs were significantly higher Haematoxylin and eosin and IHC staining of mouse lung sections at 7 days p.i. Haematoxylin-and-eosin-stained sections of mouse lungs infected with the indicated viruses at 7 days p.i. showed typical influenza pneumonia. Pictures are representative sections. In the control, no lesions are present, and there is no antigen deposition in the airway epithelium. In KS07_WT, there are areas of multifocal mild interstitial pneumonia (asterisk), and there is cuffing of bronchioles and vessels by lymphocytes and plasma cells. In KS07_K/O and KS07_N66S, there is mild epithelial hyperplasia (arrow), mild lymphocytic peribronchiolar cuffing (asterisk) and small amounts of fibrin and increased alveolar macrophages in alveolar lumina. IHC staining of lung sections was also conducted to detect influenza virus antigen using an anti-influenza A NP mAb (brown staining). All three treatment groups have positive antigen labelling for influenza NP in the nucleus of airway epithelial cells. Bars, 100 µm. H&E, Haematoxylin and eosin.
compared to those detected in control pigs at 3 or 5 days p.i. The KS07_WT-infected group showed lower levels of all tested cytokines/chemokines including significantly lower expression of IL-2, IL-4 and IL-12 than the KS07_K/Oinfected group at 1 day p.i. In contrast, KS07_WT-infected pigs had higher levels of all tested cytokines/chemokines including significantly higher levels of granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-g, 
DISCUSSION
The PB1-F2 protein is an accessory protein encoded from the +1 ORF in PB1 gene through leaky ribosomal scanning. It has been shown to play important roles in IAV replication, which include cell-type-and virus-strain-specific proapoptotic functions [14, 15, 26, 27] and regulation of polymerase activity by co-localization as well as interacting with PB1 [28, 29] . Furthermore, the PB1-F2 protein modulates the innate immune response and pro-inflammatory reactions, which exacerbate or attenuate IAV pathogenicity [20, 30] . It also facilitates secondary bacterial infection in a mouse model [31, 32] . It has been shown that the PB1-F2 protein has effects on viral pathogenicity in a strain-and host-dependent manner. In H5N1 highly pathogenic avian influenza A viruses (HPAIVs), the PB1-F2 protein has shown different contributions to viral pathogenicity in different hosts such as mice, ducks and chickens [19, 20] . In addition, restoring PB1-F2 in the 2009 pandemic H1N1 influenza virus has minimal effects in pigs [18] . In TR H3N2 SIVs, PB1-F2 expression has strain-dependent effects in swine and altered viral pathogenicity and transmission in turkeys [21, 22] .
Although previous studies have shown the effects of PB1-F2 in low-virulent SIVs in pigs [21, 22] and a former study has suggested a very low level of PB1-F2 expression in SIVinfected cells [33] , the effect of PB1-F2 protein in a highly virulent SIV on viral pathogenicity in different animal In the control, the lung is normal, which is demonstrated by normal airway epithelium and alveoli, and tracheal epithelium has goblet cells and cilia (arrow). In KS07_WT, the bronchiole is surrounded by lymphocytes and plasma cells, which extend into the alveolar septa (interstitial pneumonia) (asterisk). In KS07_K/O, there is flattening of airway epithelium (arrow) and cuffing by peribronchiolar cuffing by lymphocytes (asterisk). The trachea in this pig has diffuse loss of cilia and goblet cells consistent with early degeneration due to influenza (arrow). In KS07_N66S, there is cuffing of bronchioles and vessels by lymphocytes and plasma cells (asterisk), and the trachea lacks goblet cells but has a normal layer of cilia. Bars, 100 µm. models remains unclear. Therefore, in this study, we selected a highly virulent H1N1 TR SIV that causes approximately 10 % mortality in finishing pigs [34] and expresses a full-length PB1-F2 protein. Our results showed that the expression of PB1-F2 and the presence of the N66S mutation in the KS07 virus had no effect on virus replication in both MDCK and PK-15 cells as well as on the formation of plaques in MDCK cells (Fig. 1) . These results are in agreement with a previous study that showed that PB1-F2 expression in TR H3N2 SIVs did not impact virus replication in A549 and 3D4/31 cells [21] . In contrast, Pena et al. described that PB1-F2 expression in two different TR H3N2 SIV backgrounds had a different impact on virus replication kinetics in porcine alveolar macrophages and porcine respiratory explants [22] . These findings support the hypothesis that the effects of PB1-F2 are cell type and virus strain specific in vitro.
In mice, PB1-F2 expression in 1918 H1N1 virus enhanced viral pathogenicity, and the N66S mutation in PB1-F2 protein of this virus contributed to increased virulence [24, 31] . Another previous study found that expression of full-length or truncated PB1-F2 protein or its N66S substitution in the 2009 pandemic H1N1 virus does not have a significant impact on virulence in both DBA/2 and BALB/c mice [35] . In addition, the N66S substitution in the PB1-F2 protein of H5N1 HPAIV showed increased replication and virulence, while deletion of the PB1-F2 protein had no effect on viral pathogenicity in mice [19] . In our mouse study, the PB1-F2 knockout mutant did not alter viral virulence when compared to the KS07_WT virus; however, the single substitution N66S in PB1-F2 resulted in enhanced virulence in mice, evidenced by induced severe disease and 100 % mortality in infected mice when compared to either KS07_WT or KS07_K/O virus (Fig. 2) . In full-length PB1-F2, the N66S mutation has been shown to contribute to viral pathogenicity and delaying type I IFN response [19, 24] . The type I IFN suppression activity of PB1-F2 is due to inhibition of the early IFN-stimulated genes as well as decreasing mitochondrial membrane potential via interacting with the mitochondrial antiviral signalling protein [24, 36, 37] . Consistent with previous studies, it could be possible that the N66S substitution in KS07 virus leads to enhanced type I IFN antagonist activity of the PB1-F2, thereby increasing viral virulence.
In pigs, previous studies using low-virulent TR H3N2 SIVs have revealed that deletion of the PB1-F2 ORF or incorporation of the N66S mutation in the PB1-F2 ORF does not influence virus replication, shedding or pathogenicity in pigs [21, 22] . In contrast, the deletion of the PB1-F2 protein or N66S substitution in virulent KS07 H1N1 virus has some degree of influence on pathogenicity in swine, i.e. both mutated viruses showed less efficient virus replication in lungs at 1 day p.i. and nasal shedding at 3 and 5 days p.i. (Fig. 5b, c) , and induced histopathologic lesions in both lung and trachea tissues from less infected pigs at 1 day p.i. when compared to the KS07_WT virus (Table 1) . One recent study demonstrated that swine IAVs express a very low level of PB1-F2 protein relative to human isolates [33] . In particular, Buehler et al. [33] showed that A/swine/Ohio/ 511445/2007 (H1N1), which has the highest nucleotide sequence identity (99.7-99.9 %) to the virus genome of KS07 virus [34] , expressed PB1-F2 protein from fewer than 1 % of the infected cells and PB1-F2 could not be detected in virus-infected cells, suggesting that carrying a full-length PB1-F2 ORF does not serve as a predictor for sufficient PB1-F2 protein expression. This could explain why no significantly different phenotypes were observed between wild-type and PB1-F2 knockout viruses in pigs in this study or in former studies. The effect of PB1-F2 protein on virus replication and host immune response needs to be investigated in future studies when it is sufficiently expressed in SIV-infected cells.
The pro-inflammatory cytokine response is crucial for recruiting effector cells to the site of infection to clear virus. The PB1-F2 protein has been shown to influence viral pathogenicity by modulating the host innate immune response, which helps to promote lung inflammation [30, 32] . Our pig study showed that decreased levels of all cytokines/chemokines as well as significantly lower levels of IL-2, IL-4 and IL-12 at early time points (1 day p.i.) and significantly increased levels of GM-CSF, IFN-g, IL-6 and IL-8 at later time points (3 or 5 days p.i.) were found in lungs of pigs infected with the KS07_WT compared to what were observed for the KS07_K/O (Fig. 7) . Downregulated and upregulated cytokines/chemokines at early and later time points seem to correlate with observed severity of microscopic lesions in the lung and trachea tissues in both KS07_WT and KS07_K/O groups (Fig. 6 , Table 1 ). Our results suggest that PB1-F2 modulates the host immune response in swine throughout the course of infection. These results are in disagreement with the findings of a former study which showed that PB1-F2 modulation of host immune responses only occurs shortly after infection (24 h p.i.) [18] . This discrepancy might be due to the difference in the virus strain used in the studies. In our study, we used a virulent North American TR H1N1 virus, rather than the 2009 pandemic H1N1 virus which contains Eurasian swine-origin NA and M genes.
The presence of specific amino acid residues, known as inflammatory residues or cytotoxic residues, at the C-terminal region of the PB1-F2 protein is linked to increased pathogenicity and secondary bacterial infection [24, 32, 37, 38] . The PB1-F2 sequence of KS07 contains only two proinflammatory residues (L62 and L82) and none of the cytotoxic motifs, whereas H5N1 HPAIVs and all three pandemic IAVs from the last century (H1N1 1918, H2N2 1957 and H3N2 1968) include three or more of the virulence genetic markers (Fig. 1c) . In addition, the C-terminal part of the PB1-F2 protein contains a mitochondrial targeting sequence, which allows the PB1-F2 protein to localize within the mitochondria [39, 40] . This localization allows PB1-F2 to interact with mitochondrial membrane-related proteins followed by mitochondrial permeability alteration, resulting in the induction of apoptosis [26, 41] . One recent report revealed that a translocated full-length PB1-F2 protein in the mitochondria attenuated the mitochondrial membrane potential, which suppressed mitochondrialmediated innate immunity, such as retinoic-acid-inducible gene 1 signalling pathway, and also inhibited the activation of NLRP3 inflammasomes, while a truncated PB1-F2 protein that lacks a C-terminal region was diffused in cytoplasm and did not impact mitochondrial functions [42] .
Consistent with these findings, all cytokines/chemokines at 1 day p.i. in lungs of pigs infected with the KS07_WT in our studies showed lower levels than those of pigs infected with the KS07_K/O (Fig. 7) . It is possible that full-length PB1-F2 expression in KS07_WT negatively regulated mitochondrial-mediated innate immunity and that may affect the secretion of cytokines/chemokines in virus-infected pigs at early post-infection time points.
Another previous study demonstrated that different secondary structural forms were observed at the C-terminal region of the PB1-F2 protein based on amino acid sequences under membranous solution conditions. One continuous C-terminal a-helix was seen in less-virulent strains, while a divided C-terminal a-helix was located in the PB1-F2 proteins of HPAIVs [43] . These structural differences at the C-terminal region of PB1-F2 may allow it to serve as different danger signals and induce different immune reactions in the host. It remains to be determined whether the KS07 PB1-F2 has the C-terminal a-helix structure and how that structure affects immune responses in different hosts.
In summary, our data indicate that PB1-F2 expression in virulent H1N1 KS07 SIV has effects on virus replication and pathogenicity in the natural host, pigs, but not in mice. In addition, PB1-F2 expression modulates host immune responses in pigs, and the substitution N66S in PB1-F2 plays a critical role in virulence in mice, while no effect was found in pigs. Our results provide new insights into the impact of PB1-F2 on virulence of IAVs in swine and support PB1-F2 as a virulence factor of IAV in a strain-and host-dependent manner. antibiotic/antimycotic and 1 µg ml À1 TPCK-treated trypsin (Sigma-Aldrich) were used for virus infection of cells. The TR H1N1 SIV A/swine/Kansas/77778/2007 (KS07) (GenBank accession number: GQ484355-GQ484362) was isolated from diseased pigs as previously described [34] and was used for this study.
METHODS

Cells and virus strain
Plasmid constructions and rescue of recombinant viruses Eight-gene segments of KS07 were amplified and cloned into a pHW2000 vector as described previously [44, 45] . To generate the KS07 PB1-F2 knockout gene, the PB1-F2 expression initiation start codon and three possible downstream start codons were mutated from ATG to ACG (T120C, T234C, T255C and T270C), while one stop codon was mutated from TAA to TTA (A390T) using a GeneArt site-directed mutagenesis kit (Invitrogen) according to the manufacturer's instructions. A single amino acid substitution at position 66 of the PB1-F2 (N66S) was introduced, which has been shown to be associated with increased virulence in mice [24] . None of the mutations altered the PB1 ORF as silent mutation. The sequences of the constructed plasmids and introduced mutations were confirmed by sequencing.
Wild-type (KS07_WT), PB1-F2 knocked out (KS07_K/O) and N66S single mutant (KS07_N66S) viruses were generated by reverse genetics as described previously [45] . Briefly, co-cultured MDCK and 293T cells were transfected with eight constructed pHW2000 plasmids encoding viral genomic RNA segments using Lipofectamine 2000 (Invitrogen). After 48 h transfection, supernatants were collected and passaged three times on MDCK cells. The rescued viruses were confirmed by sequencing.
Growth kinetics
To evaluate the replication kinetics of recombinant viruses, MDCK and PK-15 cells were grown in 12-well plates and infected with each virus at a m.o.i. of 0.001 in triplicate. Cell culture supernatants were collected at 12, 24, 36 and 48 h p.i. Virus titres were determined by calculating the 50 % TCID 50 ml À1 in MDCK cells using the Reed and Muench method. The plaque assay was performed to compare the size of plaques formed by each recombinant virus on MDCK cells.
Pathogenicity study in mice
Six-week-old female BALB/c mice were used for the pathogenicity study. A total of 56 mice were randomly divided into four groups (14 mice per group). Mice from each group were inoculated intranasally with 1.5Â10 6 TCID 50 of each virus in a volume of 50 µl under slight anaesthesia with isoflurane. For the control group, mice were mock infected with 50 µl virus-free MEM. Mice were monitored daily for clinical signs and weighed daily until 14 days p.i. If mice lost more than 25 % of their original body weight, they were humanely euthanized. Three mice from each group were euthanized at 3 and 7 days p.i., and lungs were collected from each mouse to assess virus replication and to perform histopathological analysis. For virus titration, 10 % lung homogenates were made using fresh MEM with 1 % (v/v) antibiotic/antimycotic, and virus titres in the lung homogenates were determined on MDCK cells.
Pathogenicity study in pigs
Thirty-five 3-to 4-week-old pigs, which were confirmed to be seronegative for porcine reproductive and respiratory syndrome virus and SIVs, were used in this study. Each infection group contained nine pigs, while the control group contained eight pigs, and each group was housed in separate isolation rooms. Pigs were intratracheally infected with
1Â10
3 TCID 50 of each recombinant virus or with virus-free MEM as controls. Body temperature and clinical symptoms were monitored daily. At 0, 1, 3 and 5 days p.i., nasal swabs were collected from each pig and processed for virus titration on MDCK cells. Three pigs from each group were necropsied at 1 and 3 days p.i.; three pigs from each infection group and two pigs of the control group were necropsied at 5 days p.i. At necropsy, lungs were removed in toto, and the percentage of gross lesions on each lobe (each lung lobe is considered as 100 %) was assessed by a single experienced veterinarian. The mean of gross lung lesions of seven lung lobes was calculated and presented for the average lung lesions of each pig. BALF samples were collected by flushing each lung with 50 ml fresh MEM, and viral titres were determined on MDCK cells by calculating the TCID 50 ml À1 .
Histopathology and IHC
Tissue samples (right lungs from mice and nasal turbinates, trachea and right cardiac lung lobes from pigs) were fixed in 10 % (v/v) neutral buffered formalin and processed by the histopathology and IHC laboratory of the Kansas State Veterinary Diagnostic Laboratory. A board-certified veterinary pathologist evaluated histopathological lesions of haematoxylin-and-eosin-stained tissues. IHC staining for mouse lungs was conducted to detect influenza virus antigen in tissues using an anti-influenza A NP mAb. The primary antibody was detected with the Leica Bond Polymer Refine Detection kit on the Leica Bond-Max. For the lung microscopic lesions in mice, lungs were graded on the following seven criteria: subjective percentage of lung involved in the histological section examined (4 point scale of 1-4); airway epithelial necrosis, neutrophilic airway inflammation, peribronchiolar lymphocyte cuffing, interstitial pneumonia, airway epithelial hyperplasia (all on a 3 point scale of 1-3); and lastly the presence or absence of hyaline membranes (2 point scale, 0=absent and 1=present). In pigs, microscopic lesions were graded on a 0-3 or 0-4 scale for percentage of airways with epithelial necrosis or inflammation (0-4), peribronchiolar lymphocyte cuffing (0-3), interstitial pneumonia (0-4), airway epithelial hyperplasia (0-4), respiratory epithelial degeneration and necrosis in nasal turbinates and trachea (0-4) and degree of inflammation in trachea and nasal turbinates (0-3) similar to that described previously. 
Cytokine and chemokine levels in BALF
Statistical analysis
For statistical analysis among groups, ANOVA test was used in GraphPad Prism version 5.0 (GraphPad Software). A P value of 0.05 or less was considered statistically significant. 
